The Archaea, and the viruses that infect them, are the least well understood of all of the three domains of life. They often grow in extreme conditions such as hypersaline lakes and sulfuric hot springs. Only rare glimpses have been gained into the structures of archaeal viruses. Here, we report the subnanometer resolution structure of a recently isolated, hypersalinic, membrane-containing, euryarchaeal virus, SH1, in which different viral proteins can be localized. The results indicate that SH1 has a complex capsid formed from single ␤-barrels, an important missing link in hypotheses on viral capsid protein evolution. Unusual, symmetry-mismatched spikes seem to play a role in host adsorption. They are connected to highly organized membrane proteins providing a platform for capsid assembly and potential machinery for host infection.
B
ecause of the high mutation rates in viruses, amino acid sequence-analysis methods generally only reveal the relationships between closely related viruses. Instead, viral evolutionary links can be studied by using conserved structural information; for example, a tentative viral lineage has been constructed by analysis of the structures of the major capsid proteins (MCPs) of adenoviruses (infect mammals and birds), Paramecium bursaria Chlorella virus type 1 (infects unicellular algae) (1) , and bacteriophages PRD1 (infects Gram-negative bacteria) and Bam35 (infects Gram-positive bacteria). The MCPs of all these viruses are trimers of double ␤-barrels in which the axis of the barrel is oriented normal to the capsid shell (2) (3) (4) . Could this tentative viral lineage be expanded further? The pool of structural information on viruses that infect eukaryotic and bacterial hosts is relatively large and constantly growing, but our knowledge about viruses that infect Archaea is still very limited. The only three-dimensional structure available at 27-Å resolution is that of the Sulfolobus turreted icosahedral virus (STIV) (5) , which infects Sulfolobus solfataricus in the archaeal kingdom Crenarchaeota. As the name suggests, the STIV capsid is icosahedral and has elaborate turret-like structures at the fivefold vertices (5) . Its glycosylated MCP (6) also has a double ␤-barrel fold (7), suggesting a common ancestry with the PRD1-adenovirus lineage.
SH1 is a virus that infects the halophilic organism Haloarcula hispanica in the archaeal kingdom of the Euryarchaeota (8) . Its linear dsDNA genome of 30,898 bp has 56 identified ORFs (9) . It has been shown to have several lipid moieties and 11 structural protein species. The proteins have been classified into capsid proteins and lipid core proteins (found with the membrane vesicle enclosing the nucleic acid) by biochemical analysis of virion dissociation products (10) . The most abundant proteins are the capsid-associated proteins VP3, VP4, and VP7 and the lipid core protein VP12. The viral membrane is composed of neutral lipids and three major archaeal phospholipids: phosphatidylglycerol, phosphatidylglycerophosphate methyl ester, and phosphatidylglycerosulfate. The lipids are selectively acquired from the host during viral assembly (9) .
Here, we use electron cryomicroscopy (cryo-EM) and image reconstruction to study the overall structure of SH1 and the structure of the symmetry-mismatched spikes (11) (12) (13) (14) . We demonstrate that the spikes are composed of proteins VP3 and VP6 and that the simultaneous removal of VP2 with VP3 and VP6 drastically affects infectivity and particle integrity.
Results
The natural habitat of SH1 and its host is a hypersaline (Ͼ3 M NaCl) salt lake, and the stability of the virus depends on high ionic strength (8, 10) . This dependency creates a considerable challenge to cryo-EM of the virus, because the background noise attributable to the presence of 1 M NaCl reduces the contrast significantly. Because the virus is also large (Ϸ115 nm from spike to spike; Fig. 1 ), the layer of vitrified water in which the particles are embedded is relatively thick, which increases the noise further. Two types of virus particles can be seen in the electron micrographs: (i) spherical virions ( Fig. 1 A, black arrowhead) with the protein shell intact and bifurcated spikes extending from the surface and (ii) spherical lipid core particles, off of which the protein shell has peeled ( Fig. 1 A, white arrowhead) . These data were used for three-dimensional image reconstruction ( Fig. 1 ; Table 1 ), first by using icosahedral symmetry to resolve the capsid (11, 12) and then by relaxing the symmetry to resolve the spikes (13, 14) . At 9.6-Å resolution, the icosahedral reconstruction of the virion (Fig. 1B) shows clearly the protein capsid and the underlying lipid bilayer. The dimensions of the icosahedral capsid are 78.5 nm edge to edge, 78.0 nm facet to facet, and 79.5 nm vertex to vertex.
The membrane of SH1 follows the shape of the capsid and contains icosahedrally ordered proteins. Under the fivefold vertices there are clear transmembrane structures. The membrane is highly curved at the site of the fivefold transmembrane complex, and there is a visible dent in the underlying layer at the same location (Fig. 1B) . The average thickness of the membrane, measuring between the peaks of the density in a radial profile, is 2.4 nm. Despite major differences in archaeal and bacterial virus lipids, this membrane spacing is similar to that in the bacteriophage membranes of PRD1, PM2, and Bam35 (3, 16, 17) , reflecting the similarity in the average lipid chain length (9) .
There are two additional ordered layers beneath the membrane, which we assume to be DNA. The average DNA-packaging density is Ϸ0.45 bp⅐nm Ϫ3 if the DNA occupies the entire volume enclosed by the membrane.
SH1 Has a Previously Undescribed Capsid Organization.
The protein capsid is arranged in a T ϭ 28 lattice, which is skewed to the right (T ϭ 28 dextro; Fig. 2A ) (18) . We determined the absolute hand by using tilt experiments (16, 19, 20) . There are five icosahedrally independent capsomers (capsomers 1-5) in the asymmetric unit (Fig. 2B) . One of the capsomers is located at the twofold axis of symmetry and belongs to two adjacent asymmetric units (Fig. 2) . There are two distinct capsomer types (Figs. 2 and 3 (Fig. 3 D and E) . Each of the six capsomer subunits in the base makes a bridge-like connection to an adjacent capsomer subunit on the surface of the capsid (Fig. 3G, red arrowheads) . In sections through the capsid it is evident that there is a similar connection also at a lower radius (Fig. 3G, red arrowheads) . The capsomer bases appear to be formed of six similarly sized ␤-barrels normal to the capsid surface with towers composed of separate ␤-barrel domains (Fig.  3G , white arrowhead). This observation was supported by the good fit of the small ␤-barrel from the PRD1 MCP [Protein Data Bank (PDB) ID code 1HX6] (21) into the averaged type III capsomer density (Fig. 3 J and K) .
The membrane is effectively covered by the tight interdigitation of the capsomer bases (Fig. 2 A) . Although the capsomers appear to have a hole running through them from the outside of the capsid to the inside (Fig. 3G, blue arrowhead) , the base of the capsomer is actually closed by a globular density that connects the capsomer to the membrane (Figs. 3G, yellow arrowhead, and 5A). These connections do not affect the membrane curvature significantly.
The Spikes Contain Proteins VP3 and VP6. The horn-like spikes at the fivefold vertices seen in the micrographs ( Fig. 1 A, arrow) are poorly represented in the icosahedral virion reconstruction as a result of low occupancy and inappropriate averaging (Fig. 1B) . We used three approaches to interpret this structure: an asym- metric in situ vertex reconstruction (13, 14) , disassembly of the spikes from the virion, and difference imaging of the resulting particles to identify the constituent proteins. For the asymmetric in situ reconstruction, 60,252 spike subimages were extracted from the virion images (Fig. 4A) , of which 17% could be used in the reconstruction (Table 1) . At 34-Å resolution we can see that the spike has twofold symmetry and that it is apparently built of 10 parallel tubular domains ( Fig. 4 C and D) . The mass of the spike is Ϸ1.3 MDa. Given the prominent nature of the spikes, we hypothesized that they could be involved in receptor binding. Hence, we carried out dissociation experiments on purified virions to find conditions under which subviral particles with diminished infectivity could be isolated and studied further by cryo-EM. Having observed that calcium ions stabilized the virions, dissociation studies were carried out in calcium-free buffers. It was possible to remove proteins VP3 and VP6 by prolonged incubation in sulfate-containing buffer (Fig. 4E) . In the resulting particles (SH1-VP36) in which Ϸ10% of VP3 was left, the specific infectivity decreased by 1 order of magnitude ( Table 1 ). The released VP3 and VP6 copurified in a size-exclusion column and appeared as isolated spikes in electron cryomicrographs [see supporting information (SI) Fig. S1 ]. Incubation of virions in SH1 buffer at 37°C (Fig. 4E ) resulted in particles that lacked VP2 as well as VP3 and VP6 (SH1-VP236). The specific infectivity of SH1-VP236 was reduced by 3 orders of magnitude (Table 1) . Size-exclusion chromatography of the released material indicated that VP2 did not copurify with VP3 and VP6 (data not shown).
Difference imaging between the icosahedral reconstructions of the virus and the subviral particles (Table 1 and Fig. 4 F and G) as well as image processing of the vertices from SH1-VP236 and SH1-VP36 images (data not shown) revealed that the spikes were missing in both instances. Thus, multiple copies of VP3 and VP6 form the horn-like spikes.
In addition to the protruding spike structure, there is a pentameric protein embedded in the capsid shell (Figs. 2 and 3 ) and a clear transmembrane domain (Figs. 1 and 4) . The pentamer ( Fig. 3 C and F) appears to consist of five small ␤-barrels with an estimated mass of 85 kDa. In support of this, the PRD1 pentamer atomic model (68.7 kDa; PDB ID code 1W8X) (22) fitted inside (Fig. 4 H and I) . The SH1 pentamer is attached to the capsid via five arms of density radiating out from the fivefold axis (Fig. 3F) . It remained in place after the dissociation experiments; thus, VP2, VP3, and VP6 most probably do not contribute to it.
Under the pentamer there is a shaft that traverses the lipid membrane ( Figs. 1 and 5 ). The shaft is surrounded by five additional groups of transmembrane proteins, most evident in a section between the leaflets (Fig. 5B) . The outer leaflet contains well ordered, punctate patterns of densities spreading out from the fivefold axes (Fig. 5) . Removal of VP3 and VP6 did not change the transmembrane structure under the fivefold vertex (Fig. 4F) , whereas removal of VP2 in addition to the VP3 and VP6 disordered the membrane, the DNA, and the membrane proteins (Fig. 4G) . Discussion SH1 resides in a hypersaline environment and, as a consequence, is relatively difficult to study. However, searching in such an environment may reveal unexpected virus structures. Indeed, SH1 has an unusual capsid architecture (T ϭ 28 dextro) with two different capsomer types: the type II capsomers at and adjacent to the twofold axes and type III capsomers at all other locations (Fig. 2) . Here, we address how our current knowledge of the protein composition and life cycle of SH1 (8-10) can help us to explain the virion structure.
SH1 has 15 potential structural protein species seen by SDS/PAGE, 11 of which have been identified by using protein chemistry (9) . The most abundant capsid proteins are VP3 (37.5 kDa), VP4 (25.7 kDa), and VP7 (20.0 kDa). We demonstrated that VP3 and VP6 are major components of the horn-like spikes. Hence, VP4 and VP7 are the MCPs, as has been proposed earlier (10) . Although posttranslational modifications, similar to those observed in STIV (6) Fig. 3 H-K) differ so little rules out the possibility that the capsomers consist of two and three copies of the same protein. Furthermore, dimers and trimers of VP4 (25.7 kDa) and VP7 (20 kDa) would be too small to explain the capsomer masses. Hence, it is unlikely that the type III capsomer has the double ␤-barrel fold found in members of the PRD1-adenovirus lineage, which would require an MCP in the range of 65 kDa. In addition, the T ϭ 28 lattice precludes the use of a trimer for the type II capsomer on the twofold axis of symmetry (23) . To explain possibility ii, we assume that the bases of both type II and III capsomers consists of one and the same protein that can take a round hexameric and a skewed hexameric form. The capsid proteins of HK97 and herpes simplex virus 1 (HSV-1) are examples of such proteins: in the smaller procapsid state the capsid proteins are in the skewed conformation, and the unskewed conformation corresponds to the mature capsid (20, 24) . In the case of SH1, we suggest that the towers on the capsomers are built by a decorating protein that may also stabilize the capsomer. The conformation of the base affects how many copies of the decorating protein can be accommodated: the skewed conformation (type II) of the base protein can only accommodate two copies, and the round conformation (type III) can only accommodate three copies. Conformation-dependent binding has been observed previously in, for instance, HSV-1, in which a single MCP, VP5, makes the pentameric and hexameric capsomers, and the minor protein, VP26, only decorates the hexamers (25) . For SH1 we favor the explanation that the capsomer base is a hexamer of VP7, and VP4 is a decorating protein that makes the towers. This hypothesis predicts capsomer sizes of 171 kDa (type II) and 197 kDa (type III), the difference being one copy of VP4 (26 kDa). These predicted values are close to the values that we observe. Hence, we predict a copy number of 1,620 for VP7, 720 for VP4, and 60 for the pentamer. Likely candidates for the pentamer are either VP7 in a third conformation, which promotes the assembly of VP3 and VP6, or VP9, because it is a minor capsid protein of the appropriate mass (16.5 kDa).
In complex viruses, the structural components need to assemble in a regular fashion to form the complete virion. Capsid assembly is regulated by the use of pathways in which smaller subassemblies (e.g., capsomers) are first assembled and then incorporated into the growing capsid. In SH1, the membrane vesicle is selectively enriched in particular lipid moieties (9) . The numerous and well-ordered membrane proteins that we see in the virion may selectively interact with lipids of a particular acyl chain length (26) already in the host cytoplasmic membrane to create a virion-specific patch. Further assembly can be then nucleated at this site by specific interactions between the virus' helical transmembrane proteins and the capsid proteins as in PM2 (N. Abrescia, J. Grimes, H.M.K., R. Assenberg, G. Sutton, S.J.B, J. Bamford, D.H.B., and D. Stuart, unpublished data). Lateral interaction of the capsid proteins can promote further growth of the capsid on the membrane, stabilized by divalent cations (8) . The current literature supports the hypothesis that the genome is then transported into this lipid-containing procapsid by using a packaging ATPase (8, 27) .
The phospholipids present in SH1 are all negatively charged. If the DNA is directly in contact with the membrane, then these charges need to be neutralized. Recent molecular dynamics simulations have indicated that in an anionic palmitoyloleoylphosphatidylglycerol bilayer, Na ϩ ions can form ion bridges between the lipids, neutralizing these charges (28) . Hence, in SH1, it is likely that the high salinity of the native environment helps to stabilize not only protein-protein interactions but also the membrane and the membrane-DNA interactions and, thus, indirectly affects infection.
Archaeal cells are surrounded by a proteinaceous layer called the S-layer. There is currently very little understanding of how viral DNA penetrates this layer or the membrane. The relative complexity of the SH1 spike suggests that this entry may be accomplished in multiple stages. The large, twofold symmetric spike appears similar to the terminal structure seen in electron micrographs of the archaeal virus Acidianus filamentous virus 1 (29) [but not to the turret-like spikes of STIV (5)]. It has been suggested that the purpose of the terminal structure in Acidianus filamentous virus 1 is to increase the probability of host adsorption. In SH1, we removed the horn-like spikes by removing proteins VP3 and VP6 and saw a directly proportionate decrease in infectivity. Although it is possible that this treatment causes changes in capsid stability or release of minor viral proteins such as nucleases affecting the titer, we propose that the spikes contribute to host adsorption. The pillars of organized transmembrane proteins and the increased separation of the membrane leaflets seen under the pentamers look like a potential prefusion complex. Major disruption of the membrane, including this complex, by the removal of VP2, VP3, and VP6 caused a significant reduction in infectivity ( Fig. 4; Table 1 ). Thus, the large ordered transmembrane shaft and the surrounding peripheral proteins are probably involved in genome translocation into the host cell.
One of the main incentives for this study was to extend our knowledge of virus evolution. The simplest self-assembling icosahedral shells are formed from 60 subunits (18) . Examples have been described in which the building blocks are single ␤-barrel proteins lying either tangential (as found in parvoviruses) (30) or normal (similar to the sTALL-1 from the tumor necrosis factor cytokine family that forms virus-like particles) to the surface (31, 32) . These structures could then have given rise to more complex capsids with larger T numbers as protein interactions were modified (33) and additional assembly components were introduced. Thus, SH1 can be seen as a molecular fossil, because it is the first example of a complex capsid formed from these single, vertical ␤-barrels. Thus, we now have highly suggestive data indicating that the ␤-barrel fold is very widespread, found in viruses infecting both branches of the Archaea as well as the Bacteria and Eukarya. It is possible that the double ␤-barrel fold seen, for instance, in the archaeal virus STIV (7) has evolved via gene duplication or gene fusion from the single ␤-barrel fold in the context of a virus with both pentameric and hexameric capsomers consisting of single vertical barrels (1, 4, 23) . This hypothesis is supported by the occurrence of single vertical ␤-barrels found at the vertices of SH1 (Fig. 4) and the double ␤-barrel viruses [e.g., the adenovirus penton (34), PRD1 P31 (22) , and Bam35 (3)]. The double ␤-barrel fold is probably more stable than a dimer of two ␤-barrels. Its major advantage is that as the number of capsomers increases, the number of capsomer components is dramatically reduced by using trimers instead of hexamers, hence reducing the potential number of errors in assembly (35, 36) .
In conclusion, this study has given us insights into three main processes relevant to life: the formation of large assemblies, the interaction of proteins with membranes, and virus protein evolution through the examination of molecular fossils.
Materials and Methods
SH1 was grown on H. hispanica and purified as described (8, 10) by using sucrose rate zonal centrifugation in 18% artificial salt water (37) . Purified SH1 virions were resedimented in a linear 5% to 20% sucrose rate zonal gradient in SH1 buffer [40 mM Tris⅐HCl (pH 7.2)/1 M NaCl/40 mM MgCl 2; 82,392 ϫ g, 70 min, 22°C], supplemented with 5 mM CaCl2, and concentrated to 4 mg⅐ml Ϫ1 by ultrafiltration. Protein concentration was measured by using the Bradford assay (38) . The same virion batch was used for the production of subviral particles as described below.
For production of SH1-VP36 or SH1-VP236 particles, purified virions (1 mg⅐ml Ϫ1 ) were incubated in either 40 mM Tris⅐HCl (pH 7.2)/0.75 M Na2SO4/40 mM MgSO4 (42 h, 22°C) or SH1 buffer (20 h, 37°C), respectively, purified by 5% to 20% sucrose rate zonal centrifugation (82,392 ϫ g, 70 min for SH1-VP236 and 90 min for SH1-VP36, 20°C) and concentrated by ultrafiltration. Protein composition was analyzed by Tricine-SDS/PAGE analysis (39) . VP3 release was assessed from Coomassie blue-stained gels by using TINA 2.09c software as described previously (10) .
For spike isolation, the virions were purified by sucrose rate zonal and CsCl isopycnic centrifugation (10) before dissociation as described above. Material from the top of the gradient was analyzed by size-exclusion chromatography [Tricorn Superdex 200 10/300 GL (GE Healthcare)] and cryo-EM in SH1 buffer/5 mM CaCl2.
For structural analysis, 3-l droplets of the freshly purified virus, subviral particles, or isolated spikes (in SH1 buffer supplemented with 5 mM CaCl2) were pipetted onto Quantifoil grids, vitrified, imaged, and processed as described previously (14) . Initial orientations were found by using a modelbased approach (40) with PM2 (16) as the initial model. The orientations were further refined with POR and P3DR (11, 12) . A full contrast transfer function (CTF) correction was applied when calculating the reconstructions in P3DR. Fourier shell correlation of 0.5 between two independent reconstructions (see Fig. S2 and Table 1 ) was used to estimate the resolution (15) . Reconstruction statistics are listed in Table 1 . The absolute hand of SH1 was determined by using tilt experiments, as described previously, by using HK97 proheads (kind gift of R. Duda, University of Pittsburgh, Pittsburgh, PA) as a reference particle (16, 19) . The icosahedral reconstructions were filtered to 10.5-Å resolution before difference imaging.
The density map was manually segmented in EMAN (41) . The type III capsomer mass was estimated by averaging the three different capsomers (1, 2, and 3 in Fig. 2) . The rotations and translations between the capsomers were determined by fitting a pseudoatomic model of the capsomer into the reconstruction by using CoLoRes (42) . The same procedure was applied to average the type II capsomers (4 and 5 in Fig. 2 ). The mass estimates were based on the volume of the segmented density at 1.2 SDs above the mean by using a protein density of 1.35 g⅐ml Ϫ1 , calculated in EMAN (41) . The PRD1 MCP (PDB ID code 1HX6) was fitted into the averaged type III capsomer by using CoLoRes (42) , and the PRD1 P31 (PDB ID code 1W8X) was fitted into the pentamer by using Chimera (43) The vertex reconstruction was carried out as described previously (13, 14) . Vertex subimages were extracted from the virion data by using the icosahedral orientations. The data were then aligned and grouped into 30 classes with respect to the out-of plane angle (␤) in 6°intervals. Multivariate statistical analysis in IMAGIC (44) was then applied to classify the data within ␤-groups up to 24°out of the plane (thus not overlapping the capsid) by rotation around the fivefold axis to determine the ␥-angle). The data were first classified into 10 classes (corresponding to 36°intervals in the ␥-angle). From the resulting class averages, 15 clear side views were selected and assigned ␥-angles. An initial reconstruction was calculated by using these angles, assuming twofold symmetry. The data were then reclassified into 60 ␥-classes, corresponding to 6°intervals, and a model-based iterative process implemented in IMAGIC was used to find the best orientations for the class averages. As a control, vertices were also classified from the SH1-VP36 and the SH1-VP236 images and did not show any averages in which spikes were evident.
Molecular graphics images were produced by using the University of California San Francisco Chimera package (43) . 
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